Caenorhabditis elegans has a circadian clock Fred Kippert, David S. Saunders, Mark L. Blaxter
Circadian clocks, biological timing mechanisms that serve to synchronize organismal behavior and physiology with the day/night cycle, have been found in most eukaryotic organisms where they have been sought. Loci which when mutated disrupt clock function have been identified and the molecular dissection of circadian clocks has provided valuable insights into the underlying mechanisms of this universal biological phenomenon [1] . Much of this work has been carried out on a small number of model organisms such as Neurospora [2] , Arabidopsis [3] , Drosophila [4, 5] and mouse [5] . However, as we recognize that clock mechanisms are more complex than previously thought, many new questions have arisen [6] . For example, the same molecules are used in very different ways in the fly and mammalian circadian clocks [4, 5] . Here a second invertebrate model would be very valuable, i n particular one with a capacity for genome-wide functional analysis. The 'other' invertebrate model is Caenorhabditis elegans [7, 8] , in which no circadian behavior has yet been described.
Why has no circadian clock been described in C. elegans? In standard laboratory, mixed stage cultures C. elegans has a short generation time, less than We therefore investigated whether other stages could be maintained as uniform populations for extended time spans. When larvae hatch from eggs in the absence of food they cannot develop further. We examined these starved first stage (L1) larvae and found that on standard plates they maintain a high level of viability for several weeks at 25°C, and several months at 15°C or 5°C. L1 could therefore be an alternative to the dauer for surviving prolonged periods of conditions not favorable for growth and development, in particular through winter.
In many organisms resistance to various stresses fluctuates through the daily cycle [10, 11] . We found that the resistance of L1 to heat and hyperosmotic stress showed a daily rhythm. Hyperosmotic stress proved to be a more tractable experimental system and was investigated in more detail. fitted by eye to the data from exposure to 1.3 M NaCl, and the period determined to be 21.9 hours. Periodogram analysis revealed a period of 22.1 hours (p<0.0005) which we consider to be a slight overestimation (see below). Exposure to higher salt concentrations consistently resulted in rhythms with higher amplitudes, but this was always accompanied by much more noisy data (as seen in Figure 1A) , not very suitable for further analysis.
C. elegans has been shown to be photoresponsive [12] and the action of light as a zeitgeber, or entraining stimulus, is evident from Figure 1A and B. The rhythm can be phase-shifted efficiently by moderate light pulses, such as 1 hour at 500 lux, which produced a delay of about 6 hours ( Figure 1C ). This change in phase following a light pulse and the free-running period, which is slightly but significantly shorter than the natural day, show the endogenous nature of the rhythm and exclude any uncontrolled exogenous effect.
A defining characteristic of circadian clocks is that the period is temperature compensated. We investigated the hyperosmotic stress resistance rhythm between 10 and 25°C and found little difference in period over this range. The periods derived from fitting sine waves by eye ranged from 21.1 hours at 25°C to 22.8 hours at 10°C (Figure 2 ). Using such a fit by 'expert eye' has been shown to be a useful method in biological rhythm research [13] . On the other hand, periodogram analysis, although important tool [14] , is not accurate with shorter time series. It consistently overestimated the period by about 0.7 to 1 hours (Supplementary Figure S1A-E) . Because the shape of the rhythm is quite regular, the error in periods derived from sine waves fitted by eye is unlikely to exceed ±0.5 hours (Supplementary Figure S1F-H) . From the data shown in Figure 2 , a Q 10 of 1.06 can be calculated and this is Our results identify a second invertebrate system with the advantages of a completely sequenced genome and easy molecular genetic manipulation. Although it may be possible to extend the analysis to other stages, the L1 system offers substantial advantages: it is a minimal system with the animals having no activities other than waiting for better times to come; experiments can be performed over extended time spans and a wide temperature range; the completely transparent body of only 558 cells should ultimately enable us to follow cellular movements of clock molecules in vivo. 
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